INTRODUCTION
The ability of Salmonella enterica to invade host cells, including normally non-phagocytic epithelial cells, is a critical virulence determinant. Salmonella invasion depends on Salmonella pathogenicity island 1 (SPI-1) which encodes a type III protein secretion system (TTSS-1), transcriptional regulators, effector proteins and chaperones. SPI-1-mediated invasion is considered to be dependent on actin rearrangements that promote cellular engulfment of the bacterium as a result of the action of several translocated effectors, including SopE, SopE2, SopB, SptP, SipA and SipC Raffatellu et al., 2005; Zhou & Galán, 2001) . These proteins are translocated into the target cell via the TTSS-1 needle, a supramolecular complex composed of SPI-1-encoded proteins including PrgH, PrgK and InvG, each of which is essential for needle complex formation, effector translocation and SPI-1-stimulated invasion (Kubori et al., 1998) . Expression of SPI-1 genes is controlled by environmental signals via a complex regulatory network that converges on the transcriptional activator, HilA, and acts to control SPI-1 in an on/off manner (Ellermeier & Slauch, 2007; Temme et al., 2008) . Use of a transcriptional reporter, PprgH-gfp + , has confirmed that the prgH promoter, which drives transcription of the prgHIJKorgABC operon (Klein et al., 2000) , is only activated in subpopulations of S. enterica serovar Typhimurium (S. Typhimurium) cultures, resulting in marked population heterogeneity in invasiveness (Clark et al., 2009; Hautefort et al., 2003) .
Biochemical activities have been ascribed to each of the effectors that play a major role in the invasion process. Apart from SipC, which is an essential component of the SPI-1 translocon, none of these effectors are necessary for invasion, due to some degree of redundancy in their activities . Salmonella outer protein E (SopE), which is only present in some virulent Salmonella strains, and its ubiquitous homologue SopE2 act as guanine nucleotide exchange factors (GEFs) for Rho GTPases (Hardt et al., 1998; Temme et al., 2008) . SopB/ SigD is an inositol polyphosphate phosphatase (Norris et al., 1998) that, in addition to regulating membrane dynamics (Bujny et al., 2008; Hernandez et al., 2004; Terebiznik et al., 2002) , indirectly activates Rho GTPases (Patel & Galán, 2006) , which promotes the actin rearrangements involved in Salmonella uptake. Each of the effectors that stimulate Rho GTPases (SopE, SopE2 and SopB) has additional roles in gut inflammation (Bruno et al., 2009; Hardt et al., 1998; Müller et al., 2009) . SptP has a GTPase-activating protein (GAP) activity that allows Salmonella to terminate membrane ruffling by switching off Rho GTPase activity (Fu & Galán, 1999) . The cytoskeletal rearrangement stimulated by SopE, SopE2 and SopB is further regulated by the effectors SipA and SipC, two actin-binding proteins. SipC has been shown to directly nucleate actin polymerization and bundle filamentous actin (F-actin) (Hayward & Koronakis, 1999; McGhie et al., 2001) . SipA binds F-actin, promotes its formation, stabilization and bundling (McGhie et al., 2004; Zhou et al., 1999) , and promotes Salmonella invasion in the initial stages of infection (Jepson et al., 2001; Zhou et al., 1999) .
Almost all published studies on the molecular mechanisms of Salmonella invasion have focussed on just two strains of S. Typhimurium, ATCC SL1344 and NTCC 12023 (ATCC 14028) , and almost all describe data obtained with just one of these strains. It is a common assumption that data obtained with one strain is representative of both the Typhimurium serovar and the S. enterica species as a whole. Nevertheless, some differences between SL1344 and 12023 have been noted that influence their interactions with host cells. For example, SL1344 carries a mutation in hisG which leads to the formation of filaments after invasion of some cell types that is not seen in 12023, which lacks this mutation (Henry et al., 2005) . The two most studied S. Typhimurium strains also differ in that the SPI-1 effector SopE is present in SL1344 and absent in 12023/ 14028. The presence of SopE has been associated with bovine epidemic strains, and a direct role for SopE in enteropathogenicity was demonstrated when phagemediated transfer of sopE to 14028 was shown to increase fluid accumulation in ligated bovine gut loops (Zhang et al., 2002) . It is likely that SopE contributes to Salmonella enteropathogenicity via promotion of inflammatory responses (Zhang et al., 2002) . Strain 12023 has also been reported to be less invasive than SL1344 in HeLa cells (Unsworth et al., 2004) . The cause of the lower invasiveness of 12023 has not been directly examined, but reports that deletion of SopE from SL1344 reduces its invasiveness by 40-60 % (Hardt et al., 1998; Mirold et al., 2001; Stender et al., 2000; suggest that the absence of SopE in 12023 might be a cause of reduced invasiveness. This possibility has not been addressed, and the relative importance of SopE in Salmonella invasion is itself unclear given the level of redundancy between effector protein functions and its absence from a large number of virulent serovars.
We tested the hypothesis that the lower invasiveness of strain 12023 is indicative of a major role for SopE in the relative levels of invasion of Salmonella strains.
Comparison of SopE
+ and SopE 2 S. Typhimurium strains, sopE deletion mutants and 12023 expressing a sopE plasmid revealed no consistent relationship between invasion rates and SopE status. Nevertheless, absence of SopE was consistently associated with decreases in ruffle size and the speed at which Salmonella strains induce major rearrangement in plasma membrane architecture. Using a GFP reporter construct we found that only a small proportion of the 12023 population expresses the essential SPI-1 gene prgH under standard invasion-inducing conditions. A much higher proportion of the population of SL1344, and other S. Typhimurium strains tested, expressed PprgH-gfp + . Use of a similar GFP reporter for PhilA revealed that expression of this SPI-1-encoded transcriptional regulator is also much lower in strain 12023 than in SL1344. We suggest that decreased invasiveness of 12023 is due in large part to reduced expression of SPI-1 resulting from decreased activity of its transcriptional regulators.
METHODS
Bacterial strains and culture conditions. Strains used in this study are listed in Table 1 . Mutants of SL1344 and S1579/94 with in-frame deletions in sopE created by the Lambda Red system (Datsenko & Wanner, 2000) have been described previously (Perrett & Jepson, 2009) . Complementation of SopE expression was achieved with the pACYC177-based plasmid pCAP03 (Perrett & Jepson, 2009 To construct a chromosomal PhilA-gfp reporter construct the hilA promoter sequence was amplified from the S. Typhimurium SL1344 chromosome using primers HilA_F (59-CATGCGCCCGGGCAGA-TGACACTATCTCCTTCC-39) and HilA_R (59-GATCTCTAGAGTA-TAATAGTGTATTCTCTT-39) adapted from Boddicker & Jones (2004) . The promoter was amplified via PCR using Roche's Expand High Fidelity enzyme, amplifying a section of the chromosome 2496 to +350 of hilA. The PCR product was digested with XbaI and XmaI, purified and ligated into the XbaI/XmaI-digested pSH04 vector (Humphrey et al., 2011) containing a gfp + reporter gene and kanamycin selection. The PhilA-gfp + -kan R construct was amplified from the ligated plasmid using primers T1_F1 (59-GCAGGTCACA-TTTAACGCGGTTGCACAAGTTGCAACATGGCCTGGGGTAATG-ACTCTCTAGC-39) from Hautefort et al. (2003) and KanR_R3 (59-GACCCGGATAGTAATTTTGCCCGGCCAGATGATAAATCGCGA-CACGCTCAGAAGAACTCGTCAAGAAGG-39). These primers had flanking regions with homology to the putPA Salmonella locus, previously shown to have no effect on invasion in Salmonella. This construct was integrated into the SL1344 chromosome using the Lambda Red technique as originally described by Datsenko & Wanner (2000) and modified by Hautefort et al. (2003) . Recombinants were selected on LB agar with kanamycin, and verified by PCR. Finally, the construct was transferred into SL1344 and 12023 via P22 transduction.
Prior to analysis of invasiveness and other assays, strains were grown overnight at 37 uC as a static culture in LB (Miller) broth supplemented with antibiotics as appropriate (carbenicillin 100 mg ml
21
, chloramphenicol 15 mg ml 21 and kanamycin 100 mg ml 21 ); cultures were then diluted 1 : 100 into LB and grown for appropriate times at 37 uC in an orbital shaker (150 r.p.m.), 3.5 h (lateexponential phase) being the standard growth period used to optimize invasion and SPI-1 expression.
Infection of cultured cells. MDCK strain I cells were grown in Eagle's Minimum Essential Medium (EMEM) supplemented with 10 % (v/v) fetal calf serum, 1 % (v/v) non-essential amino acids, 1 % GlutaMAX and 100 mg kanamycin ml 21 at 37 uC in a humidified atmosphere of 5 % CO 2 . When confluent, cells were passaged and seeded onto 13 mm coverslips (2.5610 4 cells per coverslip). Three days after seeding, the medium was replaced with a modified Krebs' buffer (mM: 137 NaCl, 5.4 KCl, 1 MgSO 4 , 0.3 KH 2 PO 4 , 0.3 NaH 2 PO 4 , 2.4 CaCl 2 , 10 glucose and 10 Tris, adjusted to pH 7.4 at 37 uC with HCl). After equilibration in this medium at 37 uC in air, S. Typhimurium was added at an m.o.i. of 20-50. To compare the effect of centrifugation on infection, cells grown as above were infected with Salmonella and subjected to mild centrifugation (650 g, 5 min, room temperature) in tissue-culture plates. After centrifugation, cells were placed in a 37 uC incubator for 15 min.
Quantification of invasion. After infection of MDCK cells with S.
Typhimurium strains for 15 min, invasion was quantified using differential immunofluorescent staining as described by Perrett & Jepson (2007) . Quantification of MDCK cells (DAPI-labelled), and adherent (FITC-labelled) and total (TRITC-labelled) bacteria, was achieved by blind scoring of at least 10 random fields as previously described (Perrett & Jepson, 2009 ).
Analysis of membrane ruffling by cytochemical staining of F-actin. After infection of cells for 15 min, actin rearrangement and the location of Salmonella were determined with goat antiSalmonella CSA-1 antibody and FITC-conjugated rabbit anti-goat immunoglobulin alongside TRITC-phalloidin, as described previously (Perrett & Jepson, 2009 ). Membrane ruffles induced by Salmonella were examined and counted by blind scoring of at least 10 random fields as previously described (Perrett & Jepson, 2009 ). Images of TRITC-phalloidin (F-actin) and FITC immunostaining Phase-contrast time-lapse microscopy. To study the dynamics of membrane ruffling, MDCK cells grown on 22 mm coverslips were infected with Salmonella strains during acquisition of timelapse sequences (10 s intervals) of phase-contrast and fluorescence images using a wide-field imaging system as described previously (Perrett & Jepson, 2009 ). The image sequences were acquired and analysed using Openlab 4 software (Improvision) and the timing of all adherence and ruffling events within random fields of view was recorded to determine the time taken to induce membrane ruffles.
Analysis of GFP reporter strains. Overnight cultures of strains containing the chromosomal PprgH-gfp + construct were diluted 1 : 100 in LB and grown for up to 6 h at 37 uC in an orbital shaker. At fixed time points, samples were examined with a haemocytometer and a Leica DM LB2 microscope using a 663 phase-contrast objective, and the proportion of green fluorescent bacteria was calculated (Clark et al., 2009) . Phase-contrast and fluorescence images were acquired on a wide-field imaging system as previously described (Clark et al., 2009) . The PhilA reporter strains were grown as above and analysed by flow cytometry after fixation by centrifuging 0.5 ml of culture at 3293 g for 2 min, resuspending in equal volumes of 2 % paraformaldehyde (w/v in PBS) and storage at 4 uC until required. Fixed samples were diluted 1 : 50 in FACSflow buffer (BD Biosciences), and flow cytometric analysis was conducted with an LSR II flow cytometer (BD Biosciences). Data acquisition (approx 100 000 events per sample) and analysis were performed using Diva 6.1.2 software, with native GFP 2 S. Typhimurium SL1344 and constitutively GFP + SL1344 (JH3016; PrpsM-gfp) being used as gating controls.
Construction and application of a transcriptional PprgH-lacZ reporter. In order to investigate the activity of the prgH promoter in different S. Typhimurium strains, a transcriptional PprgH-lacZ reporter fusion was created. Briefly, using oligonucleotides PprgH_F1 (59-ACGTCCCGGGGATGACTATTACTTACAAAGG-39) and PprgH_R1 (59-CGATTCTAGACGAACTATGTATGGCCCTGG-39) (Hautefort et al., 2003) , the prgH promoter region was amplified from the S. Typhimurium SL1344 chromosome by PCR under standard conditions. The resulting PCR product was digested with XmaI and XbaI, and ligated into the backbone of XmaI/XbaIdigested pTL61T vector (Linn & St Pierre, 1990) . Ligation products were transformed into Escherichia coli DH5a (Invitrogen) according to the manufacturer's instructions, with selection of putative transformants on LB agar supplemented with carbenicillin at 100 mg ml 21 , X-Gal at 40 mg ml 21 and 0.2 mM IPTG. Putative transformants were selected and their plasmids verified by sequencing, generating plasmid pSH08. Finally, pSH08 was transformed into S. Typhimurium SL1344 and 12023 by electroporation.
To compare PprgH-lacZ activity, SL1344 and 12023 carrying pSH08 were grown overnight in standard Miller LB supplemented with 100 mg carbenicillin ml 21 . Cultures were subsequently subcultured 1 : 100 (v/v) into LB, grown for 3.5 h at 37 uC, 150 r.p.m., and their OD 600 measured. To determine the b-galactosidase activity, 50 ml of culture (V) was added to 950 ml lysis buffer [100 ml Buffer Z, 50 ml 10 % SDS and 270 ml b-mercaptoethanol (Sigma-Aldrich)], and then 20 ml choloroform was added to lyse the cells. The mixture was vortexed for 10 s, and incubated statically at 30 uC for 10 min. The reaction was initiated by addition of 200 ml ONPG (Sigma-Aldrich) substrate (4 mg ml 21 in Buffer Z), and all samples were subsequently incubated at 30 uC in the dark. The time taken (T) for the solution to develop a yellow colour was recorded, and the reaction terminated by addition of 0.5 ml 1 M Na 2 CO 3 . Samples were centrifuged at 11 350 g for 5 min to remove debris, and 1 ml supernatant transferred to a cuvette for measurement of absorbance at 420 and 550 nm. Activity of b-galactosidase was calculated in Miller units (Miller, 1972) .
Statistical analysis. Unless stated otherwise, all data are expressed as means±SEM, and statistical significance was assessed using an unpaired, two-way Student's t-test with significance set at P¡0.05.
RESULTS

Variation of S. Typhimurium strains in epithelial cell invasion and membrane ruffle formation
Infection of MDCK cells revealed that S. Typhimurium strain 12023 was significantly less invasive, and induced smaller membrane ruffles, than strain SL1344 (Fig. 1) . Since others have shown that deletion of sopE from SL1344 impairs invasion (Hardt et al., 1998; Mirold et al., 2001; Stender et al., 2000; , we tested the hypothesis that the low invasion associated with 12023 infection is due to its lacking SopE. Comparison with two other Typhimurium strains whose SopE status had previously been confirmed as either sopE + (S1579/94) or sopE 2 (F98) (Perrett & Jepson, 2009 ) revealed that 12023 is significantly less invasive than both these (Fig. 1a) .
Microscopical analysis of membrane ruffles identified by TRITC-phalloidin labelling of F-actin revealed that 12023 induced fewer ruffles than the three other strains, consistent with its lower invasiveness (data not shown). Analysis of the size of membrane ruffles revealed that both SopE 2 wild-type strains (12023 and F98) induced ruffles that were on average significantly smaller than those induced by the two SopE + strains (SL1344 and S1579/94) (Fig. 1b, c) .
Thus, while there was no consistent relationship between the SopE status of wild-type strains and their invasiveness, there may be a direct relationship between the presence of SopE and the size of membrane ruffles.
Deletion of SopE has a consistent impact on membrane ruffling but not on invasion
We further assessed the impact of SopE on Salmonella interactions with epithelial cells by comparing naturally SopE + strains, sopE mutants, and complemented versions thereof. These comparisons confirmed a lack of association between SopE status and invasion. While deletion of sopE rendered SL1344 52 % less invasive in MDCK cells (confirming previous observations in other cell lines), there was no effect on invasion of S1579/94 when sopE was deleted (Fig. 2a) . These findings reveal a previously SPI-1 expression differs between Salmonella strains unrecognized heterogeneity in the impact of SopE on invasiveness of S. Typhimurium strains.
Despite the lack of correlation between SopE and invasion detected in our assays, there was a consistent effect of sopE deletion on the size of membrane ruffles induced by both SL1344 and S1579/94. Confocal images of typical membrane ruffles induced by wild-type, sopE mutant and complemented versions of strain S1579/94 are shown in Fig. 2(b) . Analysis of the diameter of membrane ruffles confirmed a significant decrease in ruffle size following sopE deletion, which is fully reversed, and indeed surpasses that of the wild-type, when SopE is complemented in trans with plasmid pCAP03 (Fig. 2c) . The reduced invasiveness of the SopE 2 strain 12023 (Fig. 1b) prompted us to investigate the effect of plasmid expression of SopE in this strain. The SopE plasmid pCAP03 significantly increased ruffle size induced by 12023 from 5.3±0.5 mm to 13.1±0.6 mm (P,0.0001). Invasion of 12023 was also increased by expression of SopE but remained significantly lower (P,0.0001) than that of SL1344 (data not shown). Live cell imaging confirmed the size difference between ruffles induced by SopE + and SopE 2 strains and also revealed a direct relationship between the presence of SopE and the speed with which membrane ruffles are induced after S. Typhimurium strains make contact with the epithelial cell plasma membrane (Table 2) . Taken together, these data support the view that SopE contributes to membrane ruffling while decreased invasion of 12023 involves additional contributory factors.
Low invasiveness of S. Typhimurium strain 12023 is correlated with decreased prgH promoter activity
Having demonstrated that there is no consistent relationship between SopE status and invasiveness of S. Typhimurium strains, we tested the alternative hypothesis that the lower invasiveness of 12023 might be related to a difference in regulation of SPI-1 expression. To investigate this possibility, we used a previously described PprgH-gfp chromosomal insertion, a transcriptional reporter for the SPI-1 gene prgH which encodes a structural component located within the inner ring of the needle complex (Schraidt et al., 2010) . Previous work has revealed that only a subpopulation of SL1344 PprgH-gfp expresses GFP under all conditions tested thus far, the proportion reaching 53-70 % during late-exponential-phase growth, conditions we and others use to optimize invasion (Clark et al., 2009; Hautefort et al., 2003; . To confirm that the PprgH-gfp construct is a reliable reporter of the invasive phenotype, we examined the GFP expression status of individual SL1344 PprgH-gfp infecting MDCK epithelial cells by live cell imaging and by fluorescent labelling of fixed cells. These studies revealed that only GFP-expressing bacteria induced ruffles, although some non-expressing individuals were occasionally taken up into cells via the membrane ruffles triggered by GFP-expressing bacteria (data not shown). This latter observation is consistent with previous reports that ruffles induced by invasive Salmonella can drive internalization of non-invasive Having established that our identification of a subpopulation of SL1344 expressing GFP driven by the prgH promoter reflects a true phenotypic difference in the invasive ability of these individuals, we transduced the PprgH-gfp fusion from SL1344 into the chromosome of other S. Typhimurium strains and compared the levels of GFP expression in these strains by microscopy. This analysis revealed that 12023 PprgH-gfp has a lower proportion of GFP-expressing individuals (Fig. 3a, b) . The proportion expressing detectable levels of GFP in the late-exponential phase was only 25 % for 12023 PprgH-gfp compared to 60-65 % for the more invasive strains (SL1344, S1579/94 and F98) carrying the same transcriptional reporter. The fluorescence intensities of the expressing populations of SL1344 and 12023 were indistinguishable by flow cytometry (Fig. 3c ) and both strains Comparison of invasion and membrane ruffling induced by wild-type and sopE mutant S. Typhimurium strains. Naturally SopE + Salmonella strains (SL1344 and S1579/94), sopE mutants and plasmid-complemented mutants were grown at 37 6C, 150 r.p.m., for 3.5 h and used to infect MDCK cells grown on coverslips at an m.o.i. of~50 for 15 min. (a) Invasion was assessed by differential immunolabelling in six (SL1344) or four (S1579/94) independent experiments and data are expressed as means±SEM. Note that invasion is significantly reduced by sopE deletion from SL1344 but not from S1579/94.
(b) Fluorescent labelling of membrane ruffles with TRITC-phalloidin (red) and Salmonella by immunolabelling (green) reveals that deletion of sopE from S1579/94 is associated with induction of membrane ruffles that are generally smaller than those induced by parent and SopE " complemented strains. Confocal images; field of view 16 mm¾16 mm. (c) Measurement of all membrane ruffles in randomly selected fields of MDCK cells infected with parent SopE + strains (SL1344 and S1579/94), sopE mutants or SopE " complemented strains reveals a significant decrease in ruffle diameter associated with sopE deletion that is complemented by expression of SopE in trans. Data are expressed as means±SEM (n530-59 for SL1344 and n516-29 for S1579/94). Significant differences from parent strains are indicated by asterisks: *, P,0.05; **, P,0.01; ***, P,0.00001. (c) Flow-cytometry analysis of SL1344 and 12023 carrying PprgH-gfp confirmed that both strains exhibited bistable expression characteristics, the intensity (but not size) of the positive peak being similar for both strains. The fluorescence range exhibited similar bistable expression characteristics, confirming that PprgH appears to be regulated in an 'all-ornone' fashion. Infection of MDCK cells with 12023 PprgHgfp confirmed that the prgH-positive population identified by GFP expression represented a true phenotypic subpopulation, 99.0±1.8 % of cell-associated 12023 being GFP-positive. The difference between SL1344 and 12023 in PprgH activity was confirmed with the alternative transcriptional reporter, lacZ. Use of a PprgH-lacZ reporter plasmid indicated that prgH expression in 12023 was 65.6±5.6 % that of SL1344 (n53; P,0.001).
We next tested the possibility that the difference in PprgH activity between 12023 and SL1344 might be due to the two strains being in a different growth phase at 3.5 h following subculture. Growth rates were indistinguishable for both strains over a 9 h time-course (not shown) and analysis of the proportion of SL1344 and 12023 expressing PprgH-gfp at 2 h intervals over a 10 h time-course by flow cytometry revealed that prgH expression by both strains peaked at 4 h and subsequently declined (Fig. 3d) . The proportion of 12023 expressing PprgH-gfp was significantly lower than that of SL1344 at all time points from 4 h onwards. The similar growth characteristics and indistinguishable kinetics of prgH expression in both strains confirms their divergent SPI-1 expression characteristics. Thus, the low invasiveness of 12023 appears to be correlated with a lower proportion of this strain expressing SPI-1.
Motility of all strains was indistinguishable by microscopic analysis under the growth conditions under which PprgHgfp analysis was performed. To discount the possibility that subtle motility differences or the expression of SPI-1-independent adhesins might contribute to the lower invasion of 12023 compared to SL1344 infection, experiments were repeated with a mild centrifugation to promote interaction of Salmonella with MDCK cells. The outcome of this infection protocol was directly compared to our standard protocol, which lacks a centrifugation step. Centrifugation promoted cell association and overcame the lower levels of bacterial interaction with MDCK cells seen with 12023 compared with SL1344 following our standard (non-centrifugation) protocol (Fig. 4a) . Despite the numbers of strain 12023 and SL1344 associated with cells (adhered plus invaded) being comparable when centrifugation was used, invasion by 12023 was unchanged and remained significantly lower than that of SL1344 ( Fig.  4b ; P,0.0001). Enumeration of membrane ruffles induced by PprgH-gfp expressing SL1344 and 12023 as a secondary measure of SPI-1 activity confirmed that centrifugation had no effect on the behaviour of SL1344 and 12023, the numbers and size of membrane ruffles induced by 12023 remaining significantly lower (P,0.0001) than those induced by SL1344 (Fig. 4c-e) . By discounting the possible contribution of additional adherence and motility factors, these data provide strong support for our conclusion that the observed difference in SPI-1 gene expression is the microscopical examination highlights the significantly lower expression of PprgH-gfp in 12023. Data are expressed as means±SEM; significant difference from SopE + strains, assessed by one-way ANOVA (P,0.05), is indicated by an asterisk.
(c) Flow-cytometry analysis of SL1344 and 12023 carrying PprgH-gfp confirmed that both strains exhibited bistable expression characteristics, the intensity (but not size) of the positive peak being similar for both strains. The fluorescence range selected for further quantification of PprgH-gfp expression is indicated by the double-headed arrow. (d) Quantification of PprgH-gfp expression showed a peak at 4 h followed by a decline. Data are expressed as means±SEM (n55-7). Significant differences between SL1344 and 12023 PprgH-gfp expression are indicated by asterisks (***, P,0.0001). (e) A chromosomal GFP reporter construct reveals lower hilA promoter activity in 12023 compared to SL1344. Note that the high GFP-expressing subpopulation was the only one that changed between stationary and late-exponential-phase growth, and this peak (indicated by the double-headed arrow) was subsequently used to compare expression between SL1344 and 12023 under stationary (overnight) and late-exponential-phase (3.5 h at 150 r.p.m.) cultures in three to six replicate experiments (f). Data in (f) are expressed as means±SD. Significant differences from SL1344: **, P,0.01; ***, P,0.0001. Significant differences from stationary phase: 333, P,0.0001. Analysis of membrane ruffling by live cell imaging reveals differences between SopE + strains (larger ruffles triggered on average more rapidly) and SopE 2 strains (ruffles tend to be smaller and induced more slowly). Ruffle size data are expressed as mean peak diameter±SEM; n530; significant differences from both SopE + strains were assessed by one-way ANOVA and Tukey's post-test (*, P,0.05). Ruffle induction times were not normally distributed and are shown as median values with ranges in parentheses. Significant differences from both SopE + strains were assessed by Kruskal-Wallis test and Dunn's multiple comparison test (D, P,0.05). dominant factor underlying the lower invasiveness of 12023. Specificity of the SPI-1 expression difference was confirmed using a plasmid reporter expressing destabilized GFP under control of the fliC promoter, which revealed identical expression kinetics of fliC in SL1344 and 12023. Expression peaked 2 h after subculture, when 33.4±4.3 % (SL1344) and 34.3±3.9 % (12023) of the Salmonella populations were GFP-positive, and declined thereafter. The peak in PfliC expression preceded that of SPI-1 in both strains, confirming the recently described temporal hierarchy in flagellar and SPI-1 regulation in strain 14028/ 12023 (Saini et al., 2010) .
SopE
The striking difference in the proportion of individuals expressing GFP driven by the prgH promoter has important implications for researchers examining Salmonella-cell interactions at the single-cell level since it suggests that most of the 12023 population is unable to invade under standard conditions whereas most individuals of other S. Expression of a PhilA-gfp reporter correlates with prgH promoter activity in S. Typhimurium strains SL1344 and 12023
We next examined whether the low expression of prgH and invasiveness of 12023 might be related to decreased expression of the SPI-1-encoded transcriptional activator HilA. A PhilA-gfp chromosomal reporter was constructed based on a modified version of the PprgH-gfp + reporter (Hautefort et al., 2003) in which PprgH was exchanged for PhilA and chloramphenicol resistance was exchanged for kanamycin resistance. This was incorporated into the chromosome of SL1344 using the Lambda Red method as previously performed with PprgH-gfp, since our experience with prgH reporters had demonstrated that chromosomal expression avoided additional effects of plasmid carriage on SPI-1 expression (Clark et al., 2009) .
Strains with the PhilA-gfp reporter integrated into the chromosome of SL1344 and 12023 exhibited heterogeneous expression (Fig. 3e) , with profiles distinct from that of PprgH (Fig. 3c) . Fluorescent peaks were less clearly defined than the PprgH-gfp profiles, with a substantial subpopulation expressing low levels of PhilA-gfp (Fig. 3e) . A distinct subpopulation of varying size exhibited GFP expression levels at least an order of magnitude higher than the previously characterized PprgH-gfp positive population (Fig. 3e) . Comparison between stationary (overnight) and late-exponential phase (3.5 h at 150 r.p.m.) cultures of both SL1344 and 12023 revealed that only the subpopulation with highest PhilA-gfp expression increased significantly during culture (data not shown). The discrete population with high PhilA-gfp expression was significantly larger in SL1344 than in 12023 in both stationary and late-exponential phases (Fig. 3e, f) .
DISCUSSION
Our data on prgH expression add to the growing body of evidence that only a subpopulation of Salmonella expresses SPI-1 genes, even under invasion-inducing conditions (Boddicker & Jones, 2004; Clark et al., 2009; Hautefort et al., 2003; Ibarra et al., 2010) . We have also confirmed that our measurement criteria for PprgH-gfp expression correspond with the ability of individual Salmonella to trigger membrane ruffles, a SPI-1 dependent phenotype. The existence of discrete subpopulations differing in their expression of SPI-1 is a clear example of bistable gene expression, which may allow Salmonella populations to adapt to and exploit changing conditions in the environment and host. Such marked heterogeneity in gene expression has important implications for studies that examine infection at the single-cell level since the behaviour of individual bacteria will differ markedly. The ability of membrane ruffles to internalize the SPI-1-nonexpressing organisms within the population has additional implications for single-cell analyses since SPI-1 promotes intracellular proliferation (Steele-Mortimer et al., 2002) and SPI-1 effectors such as SigD/SopB control intracellular trafficking and accelerate replication (Bujny et al., 2008; Hernandez et al., 2004) . It should also be noted that other studies have suggested that the downregulation of SPI-1 genes after uptake enhances survival and replication (Boddicker & Jones, 2004) . Thus, Salmonella populations might be expected to behave heterogeneously during infection of host cells due to differential expression of SPI-1 and its effectors.
Comparing PprgH-gfp + expression in different strains revealed a previously unsuspected level of heterogeneity, since SL1344 and two other S. Typhimurium strains (S1579/97 and F98) mostly had prgH expression 'switched on' during late-exponential-phase growth, whilst a minority of the other commonly studied S. Typhimurium strain 12023/14028 expressed this gene under identical conditions, in line with its reduced invasiveness. The potential impact of strain heterogeneity should be considered when comparing studies with different strains as, clearly, S. Typhimurium strains differ with respect to SPI-1 regulation and invasion. The close correlation between PprgH expression levels and epithelial infection that we observed both at population level and by single-cell analysis suggested that the lower expression of SPI-1 genes in 12023 is the major factor in its reduced invasion. Although these data cannot exclude the possible involvement of additional factors in the distinct invasiveness of 12023, our data on motility, fliC expression and the effects of centrifugation allowed us to discount differences in motility or other factors involved in the initial interaction of Salmonella with epithelial cells as potential contributory factors. Furthermore, since bacterial adherence was closely correlated with PprgH activity, and membrane ruffle induction mirrored the relative invasion levels of the two strains, the evidence is compelling that the observed difference in SPI-1 expression is at least the primary factor underlying the different levels of invasion. The finding that expression of a PhilA-gfp reporter mirrors that of PprgHgfp in 12023 and SL1344 implicates differences in operation of one or more regulatory mechanisms acting via the HilA transcription factor in the prominent difference in invasiveness between these strains. It is also noteworthy that SL1344 and 12023 exhibited similar upregulation of prgH and hilA 3-4 h following subculture, indicating that the growth-phase-dependent regulation operates in a largely similar fashion in both strains. This conclusion was further supported by the similar growth characteristics of each strain and the fact that activity of the growthphase-dependent fliC promoter within subpopulations of SL1344 and 12023 was indistinguishable. Studies aiming to dissect the SPI-1 regulatory networks should now consider the existence of strains naturally differing in SPI-1 regulation to refine regulatory models and explain the distinctive behaviour of individual strains. We have demonstrated that absence of SopE is consistently associated with decreases in both the speed at which membrane ruffles are induced and their size in all strains examined, extending previous data on the effects of SopE deletion from SL1344 in infection of other cell lines (Hardt et al., 1998; Stender et al., 2000) . Somewhat surprisingly, the clear association between SopE status and membrane ruffling was not mirrored by a consistent effect of SopE on Salmonella invasiveness, although we did confirm data from distinct cell lines that deletion of sopE from SL1344 reduces invasiveness (Hardt et al., 1998; Mirold et al., 2001; Stender et al., 2000; . The heterogeneity in impact of SopE is highlighted by the fact that 12023 and SL1344 sopE 2 induced ruffles of similarly reduced size and kinetics as other SopE 2 strains but were the only SopE 2 strains that exhibited lower invasion, the defect in invasion being much more prominent in the case of 12023 due to its lower expression of SPI-1. Together our data demonstrate that careful examination of ruffling dynamics and morphology can reveal effector roles that are more subtle than those associated with prominent invasion defects. Our finding that there is heterogeneity between strains with respect to the role of SopE reiterates our previous findings that the role of another SPI-1 effector, SipA, on membrane ruffling varies between different wild-type strains (Perrett & Jepson, 2009 ) and highlights the difficulty in extrapolating data on effector function between Salmonella strains.
The finding that the role of SopE in membrane ruffling does not always affect invasion suggests that the processes of membrane ruffling and invasion can to some extent be uncoupled. This observation might at first appear counterintuitive, the ability of Salmonella-induced membrane ruffles to internalize both invasive and non-invasive bacteria (Francis et al., 1993) having been widely interpreted as suggesting that ruffling and invasion are inseparable. However, evidence from a number of studies suggests that this causal relationship is less straightforward. For example, deletion of sipA decreases invasion without overtly affecting ruffling, suggesting that SipA has a role in invasion that is to some extent separate from membrane ruffling (Jepson et al., 2001) . Furthermore, Hänisch et al. (2010) recently reported that inhibition of membrane ruffling by interference with WAVE complex function does not always lead to a significant decrease in Salmonella invasion. Thus, while membrane ruffling probably has a major role in promoting invasion, especially when there is sufficient contact of additional bacteria with membrane ruffles for passive 'secondary' uptake to make a significant contribution to total uptake of bacteria, additional entry mechanisms operate that are separate from the macropinocytic activity associated with ruffling. These findings indicate that there are additional levels of complexity in the invasion process that have until recently been overlooked.
